Introduction {#sec1-1}
============

Fos is well used as a biological marker to explore the cells that are linked to a pathogenesis induced by disorders of several organs including the central nervous system (Miwa et al., 2000; Martinez et al., 2002; Ohno et al., 2009; Wang et al., 2014; Zhu et al., 2014; Chang et al., 2015). In the brain, the selective expression of c-Fos has sometimes been observed after heart failure (Patel et al., 2000). Since the expression pattern and intensity of c-Fos differ according to conditions of brain damages, immunohistochemical detection for c-Fos has been extensively recognized as a good approach to find neuronal sub-populations in metabolically activated brain regions (Sagar et al., 1988; Hoffman et al., 1993).

Many studies showed emotional disability and depression following myocardial infarction (MI), which suggests a pathophysiological mutual relation between the heart and the brain (Frahm et al., 2004; Wann et al., 2006). Some researchers reported that neuronal damage occurred in the amygdala, a central element of the limbic system, after MI in rats (Wann et al., 2006; Kaloustian et al., 2008). The paralimbic system is an active relay structure connecting the limbic system to the neocortex, and the system is proposed as an implicated one in limbic integration including auditory-vestibular function, visceral sensory-motor function and supplement in sensorimotor function (Augustine, 1996). In addition, paralimbic regions are proposed as important structures for emotional and cognitive processing (Kalia, 2005; Izquierdo et al., 2006; Vertes, 2006; Packard, 2009).

To the best of our knowledge, the effects of MI on the paralimbic regions determined using biological markers including c-Fos have not been well understood yet. Therefore, the objective of the present study was to examine the chronological changes of c-Fos expression in the paralimbic cortices after MI in rats.

Materials and Methods {#sec1-2}
=====================

Experimental animals {#sec2-1}
--------------------

Male Sprague-Dawley (SD) rats (Experimental Animal Center, Kangwon National University, Chunchon, South Korea), aged 8 weeks, weighing 280--300 g, were included in this study. These included rats were randomly assigned to a sham-operated group and six MI groups (1, 3, 7, 14, 28 and 56 days). The rats were housed in a conventional state under adequate temperature (23°C) and humidity (60%) control with a 12-hour dark-light cycle, and provided with free access to water and food. All the experimental protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at Kangwon University and adhered to guidelines that are in compliance with the current international laws and policies (Guide for the Care and Use of Laboratory Animals, The National Academies Press, 8^th^ ed., 2011).

Induction of MI {#sec2-2}
---------------

Rats were subjected to MI by a previously described method (Lee et al., 2010). Briefly, rats were intubated in a supine position and ventilated with a mixture containing 2.5% isoflurane through the use of a small animal ventilator (Model SAR-830/P, CWE Inc., Ardmore, PA, USA). Left thoracotomy was performed, and the left descending coronary artery was permanently ligated beneath the left atrial appendage with a 6-0 sterile silk. The ligation was confirmed by changing the color from red to white in the left ventricle (LV) below the ligation site and by the expansion of the left atrium just following ligating the coronary artery. Rats in the sham-operated group received the same surgical procedures with the exception of ligation of the left coronary artery. Thereafter, the rats were kept on the thermal incubator (temperature 23°C; humidity 60%) (Mirae Medical Industry, Seoul, South Korea) to maintain the body temperature of animals until they were sacrificed.

Tissue preparation for histological examination {#sec2-3}
-----------------------------------------------

As previously described (Lee et al., 2015), seven rats from each group were anesthetized with pentobarbital sodium (30 mg/kg, i.p.) and perfused *via* the abdominal aorta with 0.1 M phosphate-buffered saline (PBS, pH 7.4) followed by fixative solution (4% paraformaldehyde in 0.1 M phosphate-buffer (PB), pH 7.4). The hearts were harvested and embedded in paraffin blocks in each group. Sections (6 μm) of the heart were made at regular intervals of 600 μm. The brains were also harvested and post-fixed in the same fixative solution for 6 hours. The brain tissues were embedded in tissue-freezing medium and serially sectioned into 30-μm coronal sections using a cryostat (Leica, Wetzlar, Germany).

Masson\'s trichrome staining {#sec2-4}
----------------------------

The heart sections were stained to examine the result of MI using Masson\'s trichrome stain kit (Sigma-Aldrich, St. Louis, MO, USA) according to a method described previously (Ahmet et al., 2013). In brief, the deparaffinized sections were placed in the Biebrich scarlet-acid fuchsin and aniline blue to detect infarction area in the heart, and they were mounted in Canada balsam after the staining (Kanto chemical, Tokyo, Japan). The size of MI was calculated using a previous method (Ahmet et al., 2013) as an average percentage of endocardial and epicardial circumferences in the left ventricle that were identified as infarct area in the Masson\'s trichrome-stained sections.

Cresyl violet (CV) and Fluoro-Jade B (F-J B) histofluorescence staining {#sec2-5}
-----------------------------------------------------------------------

To elucidate the neuronal death/damage induced by MI, we performed CV and F-J B histofluorescence staining as previously described (Lee et al., 2010). In brief, the sections were stained with cresyl violet acetate solution (1.0% (w/v), Sigma-Aldrich, St. Louis, MO, USA), dehydrated in a graded ethanol series, cleared in xylene, and coverslipped. They were then mounted with Canada balsam (Kanto chemical, Tokyo, Japan). For F-J B histofluorescence, the sections were immersed in a F-J B (0.0004%, Histochem, Jefferson, AR, USA) staining solution. After washing, the sections were investigated using an epifluorescent microscope (Carl Zeiss, Göttingen, Germany) with blue (450--490 nm) excitation light and a barrier filter. F-J B-positive cells were counted in a 250 × 250 μm^2^ square, selected approximately at the center of the cingulate cortex and the piriform cortex. Cell counts were obtained by averaging the total cell numbers from each rat per group.

Neuronal nuclei (NeuN) and c-Fos immunohistochemistry {#sec2-6}
-----------------------------------------------------

The immunohistochemical staining was carried out according to a previously described method (Lee et al., 2010). The brain sections were blocked with normal goat serum (10% in 0.05 M PBS), followed by staining with primary mouse anti-NeuN (a neuron-specific soluble nuclear antigen) (diluted 1:1,000, Chemicon International, Temecula, CA, USA) and rabbit anti-c-Fos (diluted 1:200, Santa Cruz Biotechnology, Santa Cruz, CA, USA) overnight at 4°C. The sections were then incubated with mouse and rabbit secondary antibodies (room temperature, 2 hours, Vector Laboratories Inc., Burlingame, CA, USA), developed using Vectastain ABC kit (Vector Laboratories Inc.) and visualized with chromogen 3,3′-diaminibenzidine (50 mg in 100 mL of 0.1 M Tris-HCl buffer) and 0.01% hydrogen peroxidase. The negative control was performed with pre-immune serum instead of primary antibody for building up the specificity of immunostaining. The immunoreactivity of negative control was not detected in any structures. As previously described (Lee et al., 2010), the brain sections were selected according to anatomical landmarks corresponding to anterior-posterior diameter from 1.70 to −0.30 mm of rat brain atlas (Paxinos and Watson, 1986). NeuN- and c-Fos-immunoreactive cells were counted in a 250 × 250 μm^2^ square selected approximately at the center of the cingulate cortex and the piriform cortex. Cell counts were obtained by averaging the total cell numbers from each rat per group.

Western blot analysis {#sec2-7}
---------------------

To obtain the changes in level of c-Fos protein in the cingulate cortex and the piriform cortex after MI, as previously described (Lee et al., 2015), seven rats were sacrificed at each designated time point (3, 7, 14, 28 and 56 days) after MI and used for western blot analysis. As previously described (Lee et al., 2014), the brain was transversely cut into sections of 400 μm thicknesses on a vibratome (Leica), and the cingulate cortex and the piriform cortex were dissected with a surgical blade under stereoscopic microscope. The tissues were homogenized in 50 mM PBS (pH 7.4) containing 0.1 mM ethylene glycol-bis (2-aminoethylether)-N,N,N′,N′-tetraacetic acid (pH 8.0), 0.2% Nonidet P-40, 10 mM ethylendiamine tetraacetic acid (EDTA) (pH 8.0), 15 mM sodium pyrophosphate, 100 mM β-glycerophosphate, 50 mM NaF, 150 mM NaCl, 2 mM sodium orthovanadate, 1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 mM dithiothreitol (DTT). After centrifugation, the protein level was detected in the supernatants using a Micro BCA protein assay kit with bovine serum albumin as the standard (Pierce Chemical, Rockford, IL, USA). Aliquots containing 20 μg of total protein were boiled in loading buffer containing 150 mM Tris (pH 6.8), 3 mM DTT, 6% sodium dodecyl sulfate (SDS), 0.3% bromophenol blue and 30% glycerol. Then, each aliquot was loaded onto a 12.5% polyacryamide gel. After electrophoresis, the gels were transferred to nitrocellulose transfer membranes (Pall Crop, East Hills, NY, USA). To reduce background staining, the membranes were incubated with 5% non-fat dry milk in PBS containing 0.1% Tween 20 for 45 minutes and then with rabbit anti-c-Fos (diluted 1:1,500, 24 hours at 4°C, Santa Cruz Biotechnology), peroxidase-conjugated goat anti-rabbit IgG (diluted 1:500, 2 hours at 4°C, Sigma) and an ECL kit (Pierce Chemical, Rockford, IL, USA). Loading controls were performed using antibodies against beta-actin (Abcam Incorporated, Cambridge, MA, USA).

Statistical analysis {#sec2-8}
--------------------

All data are presented as the mean ± SEM. One-way analysis of variance and a Tukey\'s *post hoc* test were performed to elucidate the changes of c-Fos expression between sham-operated and MI groups. Statistical analysis was performed using SAS (SAS Institute Inc., Cary, NC, USA). A level of *P* \< 0.05 was considered statistically significant.

Results {#sec1-3}
=======

Infarct size of the LV {#sec2-9}
----------------------

Ligation of the left anterior descending artery could induce a distinct infarction in the anterolateral wall and apex of the LV, and the hearts showed a quickly and dynamically pathologic change after the ligation. Initially, the LV was enlarged, and subsequently a compensatory hypertrophy of myocardium was observed in non-infarcted area, and the myocardium was replaced with fibrous tissue in the infarcted area compared to the sham-operated group (**Figure [1A](#F1){ref-type="fig"}**--[**F**](#F1){ref-type="fig"}).

![Masson\'s trichrome staining of the left ventricle (LV) wall in the sham-operated (sham) rats (A) and myocardial infarction (MI) rats at 3 (B), 7 (C), 14 (D, G), 28 (E), 56 days (F) after coronary artery ligation.\
Ventricular dilation was observed in the LV after MI, the infarcted wall of the LV became thin (arrows) after MI, while the non-infarcted wall showed hypertrophy. Collagen (asterisks) was observed in the infarcted wall from 3 days after MI, and the collagen accumulated with time after MI (G). Collagen (asterisks) and myofibroblasts (arrowheads) continually accumulated after MI, and replaced by necrotic myocardium after MI (G). Scale bars: 5 mm in A--F, 50 μm in G. (H) The area of myocardial infarction in the LV (*n* = 7 rats per group). There was no significant difference in the area of myocardial infarction between each time point following MI. The bars indicate the mean ± SEM. d: Day(s).](NRR-10-1251-g001){#F1}

In the sham-operated group, a small amount of collagen was found in the interstitial and perivascular space ([**Figure 1A**](#F1){ref-type="fig"}). Collagen was easily observed in the infarcted wall after MI, and collagen accumulation was more increased from 3 days after MI (**Figure [1B](#F1){ref-type="fig"}**--[**F**](#F1){ref-type="fig"}). In addition, myofibroblasts surrounding the necrotic myocardium were firstly observed in the infarcted wall from 3 days after MI. Collagen and myofibroblasts continually accumulated with time after MI, and necrotic myocardium was totally replaced with collagen and myofibroblasts in the infarcted LV at 56 days after MI (**Figure [1E](#F1){ref-type="fig"}**--[**G**](#F1){ref-type="fig"}).

On the other hand, data of Masson\'s trichrome staining revealed that the infarcted region encompassed 39 -- 43 % of the ventricular circumference of the LV after MI, and there was no difference in the infarct size at any time point after MI ([**Figure 1H**](#F1){ref-type="fig"}).

Neuronal damage in the paralimbic cortices {#sec2-10}
------------------------------------------

No neurodegeneration was found in the cingulate cortex (**Figure [2A](#F2){ref-type="fig"}**--[**C**](#F2){ref-type="fig"}) and the piriform cortex (**Figure [3A](#F3){ref-type="fig"}** -- [**C**](#F3){ref-type="fig"}) in the sham-operated group, as determined by CV staining, NeuN immunohistochemistry and F-J B histofluorescence staining. The staining pattern in the rat cingulate and piriform cortices in the MI groups was not different from that in the sham-operated group (**Figures [2D](#F2){ref-type="fig"}**--[**I**](#F2){ref-type="fig"}, [**3D**](#F3){ref-type="fig"}--[**I**](#F3){ref-type="fig"}).

![Cresyl violet (CV) staining (the left panels), NeuN immunohistochemistry (the middle panels) and Fluoro-Jade B (F-J B) histofluorescence staining (the right panels) of the cingulate cortex in the sham-operated rats (sham; A--C) and myocardial infarction (MI) rats at 14 (D--F) and 56 days (G--I) after MI.\
In the MI groups, patterns of CV-, NeuN- and F-J B-positive cells in the cingulate cortex are similar to those in the sham group. "I--VI" indicate layers of the cingulate cortex. Scale bars: 200 μm in A, D, G and 100 μm in B, C, E, F, H and I. d: Days.](NRR-10-1251-g002){#F2}

![Cresyl violet (CV) staining (the left panels), NeuN immunohistochemistry (the middle panels) and Fluoro-Jade B (F-J B) histofluorescence staining (the right panels) of the piriform cortex in the sham-operated rats (sham; A--C) and myocardial infarction (MI) rats at 14 (D--F) and 56 days (G--I) after MI.\
In the MI groups, patterns of CV-, NeuN- and F-J B-positive cells in the piriform cortex are similar to those in the sham group. "I--III" indicate layers of the cingulate cortex. Scale bars: 200 μm in A, D, G and 50 μm in B, C, E, F, H and I. d: Days.](NRR-10-1251-g003){#F3}

c-Fos immunoreactivity in the paralimbic cortices {#sec2-11}
-------------------------------------------------

c-Fos immunoreactivity was barely detected in the cingulate cortex ([**Figure 4A**](#F4){ref-type="fig"}) and the piriform cortex in the sham-operated group ([**Figure 5A**](#F5){ref-type="fig"}). c-Fos-immunoreactive cells in these areas were observed from 3 days after MI, continuously increased in number, peaked in the cingulate cortex at 14 days after MI and in the piriform cortex 7 days after MI; the mean number of c-Fos-immunoreactive cells was 61.8 ± 6.1/mm^2^ per section from the cingulate cortex (**Figure [4B](#F4){ref-type="fig"}**--[**D**](#F4){ref-type="fig"} and [**G**](#F4){ref-type="fig"}) and 34.2 ± 4.4/mm^2^ per section of the piriform cortex (**Figure [5B](#F5){ref-type="fig"}**, [**C**](#F5){ref-type="fig"} and [**G**](#F5){ref-type="fig"}). Thereafter, the numbers of c-Fos-immunoreactive cells in both the cingulate cortex and the piriform cortex were decreased with time after MI, and few c-Fos-immunoreactive cells were observed in both cortices at 56 days after MI (**Figure [4E](#F4){ref-type="fig"}**--[**G**](#F4){ref-type="fig"} and [**5D**](#F5){ref-type="fig"}--[**G**](#F5){ref-type="fig"}).

![c-Fos immunohistochemistry in the cingulate cortex of the sham-operated (sham; A) and myocardial infarction (MI) rats at 3 (B), 7 (C), 14 (D), 28 (E) and 56 days (F) after MI.\
In the sham group, c-Fos immunoreactivity was hardly detected in the cingulate cortex. In the MI groups, the number of c-Fos-positive (c-Fos^+^) cells in the cingulate cortex (arrows) was increased at 3 d after MI, peaked at 14 d after MI, and returned to the level of the sham group at 56 d after MI. Scale bar: 100 μm. (G) The mean number of c-Fos^+^ cells in the cingulate cortex (*n* = 7 rats per group); \**P* \< 0.05, *vs*. sham group. One-way analysis of variance and a Tukey\'s *post hoc* test were used. The bars indicate the mean ± SEM. d: Day(s).](NRR-10-1251-g004){#F4}

![c-Fos immunohistochemistry in the piriform cortex of the sham-operated (sham; A) and myocardial infarction (MI) rats at 3 (B), 7 (C), 14 (D), 28 (E) and 56 days (F) after MI.\
In the sham group, c-Fos immunoreactivity was hardly detected in the piriform cortex. In the MI groups, the number of c-Fos-positive (c-Fos^+^) cells in the piriform cortex (arrows) was highest at 7 days after MI and returned to the level of the sham group at 56 d after MI. Scale bar: 100 μm. (G) The mean number of c-Fos^+^ cells in the piriform cortex (*n* = 7 rats per group); \**P* \< 0.05, *vs*. sham group. One-way analysis of variance and a Tukey\'s *post hoc* test were used. The bars indicate the mean ± SEM. d: Day(s).](NRR-10-1251-g005){#F5}

c-Fos level in the paralimbic cortices {#sec2-12}
--------------------------------------

Western bolt analysis showed that the change pattern in c-Fos protein level in the cingulate and piriform cortices after MI was similar to the immunohistochemical data ([**Figure 6**](#F6){ref-type="fig"}). c-Fos protein level in these areas was increased from 3 days and peaked at 7 and 14 days in the cingulate and piriform cortices, respectively, after MI. Thereafter, c-Fos protein levels was decreased with time after MI, and c-Fos protein level was not different from that in the sham-operated group at 56 days after MI ([**Figure 6**](#F6){ref-type="fig"}).

![Western blot analysis of c-Fos protein in the cingulate and piriform cortices of the sham-operated (sham) and myocardial infarction rats at 3, 7, 14, 28 and 56 days after myocardial infarction.\
The c-Fos protein expression was represented as the relative optical density (ROD) of target immunoblot band to sham band (*n* = 7 rats per group). \**P* \< 0.05, *vs*. sham group; one-way analysis of variance and a Tukey\'s *post hoc* test were used. The bars indicate the mean ± SEM. d: Day(s).](NRR-10-1251-g006){#F6}

Discussion {#sec1-4}
==========

An animal model of MI can be established by blocking the blood supply of the left anterior descending artery, which may mimic human heart failure (Sun et al., 2000). Results from this study showed that there was no significant difference in the size of infarcts at any time point after MI, indicating that infarcts of similar magnitude are correlated with reduced cardiac function (Pfeffer et al., 1979; Fletcher et al., 1981).

It has been reported that MI triggers neuronal damage in the limbic regions including the hippocampus and the amygdala (Wann et al., 2006; Kaloustian et al., 2008). Findings from recent studies showed that F-J B (a high affinity fluorescent marker of neuronal degeneration) positive cells were found in these regions (Bae et al., 2010; Lee et al., 2010). In addition, the amygdala plays critical roles in the regulation of cardiovascular functions, feeling and cognition by regulating neuronal activity (Welch et al., 2003; Bermudez-Rattoni et al., 2004). On the basis of these results, the amygdala, which is a central part of the limbic system, is very vulnerable to MI, and patients with MI can develop dysfunction in emotion, memory and cardiovascular system.

There is increasing evidence that emotional and cognitive impairment after MI may be associated with a disproportional loss of cerebral grey matter and neuronal cells in multiple areas, such as the prefrontal cortex as a neocortex, the amygdala as a limbic cortex, and cingulate gyrus as a paralimbic cortex (Konstam et al., 2005; Rutledge et al., 2006; Drevets et al., 2008). Based on these reports, we examined neuronal damage in the paralimbic cortex and did not observe any neuronal damage in the cingulate and piriform cortices after MI using histology, NeuN immunohistochemistry and F-J B histofluorescence staining. This finding indicates that neurons in the paralimbic cortices may be less vulnerable to MI.

c-Fos has been used as a relative marker of neuronal activity in the brain after many types of brain insults (Munglani et al., 1999; Coggeshall, 2005). c-Fos incorporates with Jun to make an intracellular heterodimer that binds to activator protein-1, and it simulates further transcription of genes which are participated in many cellular cascades such as oncogenesis, apoptosis, differentiation, adjustment and remodeling (Herdegen and Waetzig, 2001; Dampney and Horiuchi, 2003).

In the central nervous system, c-Fos causes membrane depolarization and voltage-gated calcium influx, resulting in neuronal activity changes (Morgan and Curran, 1989). In addition, c-Fos is related with neuronal activation underlying learning and memory processes (Radulovic et al., 1998; Tischmeyer and Grimm, 1999). Furthermore, c-Fos has been shown to be very useful to study neuronal plasticity required for spatial memory processes (Tischmeyer and Grimm, 1999; Vann et al., 2000; Vanelzakker et al., 2011). However, a few studies have been done to examine neuronal activation in the central nervous system associated with MI (Patel et al., 2000). For examples, a study by Vahid-Ansari et al. (1998) showed a significant increase in the number of c-Fos-immunoreactive cells in the hypothalamic nuclei at 2 and 4 weeks after MI. Furthermore, in the paraventricular and supraoptic nuclei, Lindley et al. (2004) showed an augmentation of c-Fos-immunoreactive neurons at 2 and 4 weeks after MI compared to sham-operated mice. We found, in the present study, that cells in the cingulate and piriform cortices of the MI groups were immunoreactive for c-Fos from 3 days after MI, peaked in number at 7 or 14 days after MI, and were hardly observed at 56 days after MI. We also found that c-Fos levels in the cingulate and piriform cortices after MI changed in a manner similar to immunohistochemical change.

In addition, alterations in the cingulate cortex were observed in several human studies regarding anxiety disorders and/or depression (Fornito et al., 2008; Etkin et al., 2011) and inactivation in this brain region in rodents showed anxiolytic and anti-depressogenic effects (Kim et al., 2011). Anxiety disorders and/or depression are shown in the rats with MI; this symptom matches very well with the aspect of the reduced quality of life in patients with MI (Schoemaker and Smits, 1994; Schoemaker et al., 1996). The expression of c-Fos is deeply related with anxiety disorders and/or depression (Kung et al., 2010; Nestler, 2015), and anxiety and/or depression are associated with serotonin transporter dysregulation (Gross et al., 2002; Lanzenberger et al., 2010). Bielas et al. (2014) demonstrated a correlation between serotonin transporter and c-Fos expression in most brain regions affected by prenatal stress. Moreover, Iqbal Chowdhury et al. (2003) showed that cortical spreading depression affected Fos expression in the hypothalamic paraventricular nucleus and cerebral cortex of both hemispheres. Thus, we suggest that the expression of c-Fos in paralimbic cortices after MI may be related with anxiety disorders and/or depression following MI.

In conclusion, we show for the first time that MI induced neuronal damage was not observed and MI induced c-Fos expression apparently changed in the cingulate and piriform cortices. The results suggest that increased c-Fos expression in the paralimbic cortices after MI may be related with emotional and/or neurocognitive deficits associated with MI.
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